Abstract-A new vertical-cavity surface-emitting laser (VCSEL) structure based on a subwavelength grating mirror and a thin oxide gap is suggested and numerically investigated. The structure is shown to exhibit similar threshold gain, suppression of higher order transverse modes, and polarization stability as a grating-mirror VCSEL reported in the literature based on a thick air gap. The thin oxide gap structure has a number of advantages including easier fabrication, better mechanical stability, and very strong single-mode properties.
I. INTRODUCTION

M
ANY vertical-cavity surface-emitting laser (VCSEL) designs have been reported to improve single-mode output power with or without polarization stability [1] - [5] . A recently reported high index contrast subwavelength grating-mirror (HCG) VCSEL with a -thick air gap is noteworthy due to its unique concept and characteristics [6] . In this design, as is schematically shown in Fig. 1(b) , the single layer HCG suspended in the air replaces most of the top distributed Bragg reflector (DBR). This HCG VCSEL demonstrated 25-dB orthogonal polarization suppression ratio and 45-dB sidemode suppression ratio at 0.9-mW output power. The demonstrated 1-mW output power is much smaller than the state-of-the-art 7-mW single-mode output power with the same GaAs-AlGaAs quantum-well (QW) system [4] , but is expected to be improved by further optimization of thermal design. Thus, this HCG VCSEL design can be an advantageous approach to single-mode high-power VCSELs with polarization stability. Especially, long wavelength VCSELs can benefit from this approach since the wafer-bonded GaAs lattice-matched top DBR can be replaced by an InP lattice-matched grating [7] .
In this letter, based on extensive full vectorial simulations, it is suggested that the -thick air gap below the grating in Fig. 1(b) can be replaced by a -thick oxide gap, as shown in Fig. 1(c) , for ease of HCG fabrication (wet oxidation instead of sacrificial etching) and better mechanical stability [6] . In addition, it is shown that higher order modes can be efficiently suppressed by reducing the area of HCG region. Two aspects need to be considered. 1) The oxide gap below the HCG can be easily formed by wet oxidation because of the large area opened through the corrugation of grating and short oxidation distance ( 215 nm for the 1.55-m wavelength case). Thus, in the oxide-confined VCSEL case, the oxide gap and oxide current aperture can be formed at the same time. 2) This oxide gap HCG can be utilized for InP-based tunnel junction VCSELs as well if an appropriate oxidation compatible InP lattice-matched material is chosen, for instance, as in [8] .
II. DEVICE STRUCTURE AND SIMULATION METHOD The investigated VCSEL structure is based on the 980-nm epi design suggested in [9] . The plain VCSEL in Fig. 1(a) consists of a 25-pair GaAs-AlGaAs top DBR, a -cavity (containing three 8-nm InGaAs-GaAs QWs), and a 29.5-pair bottom DBR. An intracavity-contacted scheme is assumed and partial oxidation of the AlGaAs layers in the top DBR is included (10% of oxidation rate of the oxide current aperture layer). The top mirrors of HCG VCSELs in Fig. 1 (b) and (c) are composed of an HCG, an air/oxide gap, and 4-pair DBR. The length scales and refractive indexes are given in Fig. 1 , including mesa and oxide aperture sizes. A -thick oxide current aperture layer is situated at the anti-node position of the longitudinal mode profile. The wavelength referred to in the device dimensions is 981 nm.
The two-dimensional finite-difference time-domain (FDTD) method with PML boundary condition is used. Our method successfully reproduced the measured reflectivity curve of the HCG mirrors in [10] and the measured threshold gain of the HCG VCSEL in [6] . Spatial grid sizes for transverse and longitudinal directions are 10.0 and 8.0 nm, respectively. The reflectivities of top mirrors of the three VCSELs in Fig. 1 are obtained by Fourier-transforming the short pulse response and normalizing it with the pulse source spectrum, as schematically shown in Fig. 2(a) . The cold cavity threshold gains are obtained by using the following relation [11] , [12] : (1) where is optical confinement factor, the group velocity, the photon lifetime, and the energy stored in the cavity. For a more exact description of mode characteristics, electrical and thermal effects need to be included in the calculation.
III. HCG MIRROR
As shown in Fig. 2(b) , the transverse-magnetic (TM) polarization (with electric field perpendicular to the grating) reflectivity of the -thick oxide gap HCG (HCG -thick oxide gap 4-pair DBR) is as high as that of the -thick air gap HCG (HCG -thick air gap 4-pair DBR), and slightly higher than that of the plain 25-pair DBR at a wavelength of 981 nm. And the bandwidth of TM reflectivity of the -thick oxide gap HCG is as broad as that of the -thick air gap HCG. The transverse-electric (TE) polarization (with electric field parallel to the grating) reflectivity of the -thick oxide gap HCG is 95% at a wavelength of 981 nm, suppressing the lasing of TE-polarized modes. It is noteworthy that the maximum value and the central wavelength of the reflectivity curve can be engineered by changing the period , duty cycle , and thickness of the grating. The dependence of TM reflectivity of the oxide-gap HCG on the oxide-gap thickness is shown in Fig. 2(c) . The maximum values of TM reflectivities of -, -, and -thick cases are almost same, and higher than those of -and -thick cases. The smaller reflectivities of -and -thick cases result from the destructive interference between the reflection from the HCG and those from the 4-pair DBR.
In conclusion, the thinnest -thick oxide gap HCG can be as good a mirror as the -thick air gap HCG.
IV. HCG VCSEL
The calculated mode profile and photon lifetime of the fundamental and the first-order TM-polarized modes of the plain VCSEL, air gap VCSEL (with a -thick air gap HCG), and oxide gap VCSEL (with a -thick oxide gap HCG) are listed in Fig. 3 . In all three cases, the transversal size of the mode profile is determined by the oxide current aperture, due to the oxide aperture layer at the antinode. The photon lifetime, of the TM-polarized fundamental mode of the oxide-gap VCSEL is similar to that of the air gap VCSEL, as expected from the result of Section III. Slightly higher TM reflectivity of the oxide gap HCG than that of the plain DBR in Fig. 2(b) results in a considerably longer photon lifetime of the oxide gap VCSEL than that of the plain VCSEL. Regarding TE polarization, no resonance is observed, i.e., the photon lifetime of TE modes is close to zero. This result indicates that the -thick oxide gap HCG is a high-quality polarization-selective top mirror of VCSEL with properties similar to the -thick air gap HCG. The TM reflectivity of the oxide gap HCG can be adjusted to achieve the desired output power or differential efficiency.
Very strong single-mode characteristics can be achieved by optimizing the HCG region size with respect to the oxide aperture size. The extent of suppression of higher order modes is quantified by the mode stability factor , defined as [9] % (2) where and represent the threshold gains of the fundamental and first-order modes, respectively. In Fig. 4 , the mode stability factor of the oxide gap VCSEL increases as its HCG region size is reduced. The preferable HCG region size is 5.1 m, which gives quite high mode stability and acceptable threshold gain of the fundamental mode. With HCG regions size smaller than the oxide aperture diameter of 5 m, the threshold gain of the fundamental mode becomes undesirably high.
The mode discrimination of HCG VCSELs relies on a spatial variation of the reflectivity. The reflectivity of HCG is the most efficient in the HCG center and drops by a few tens of percent outside the HCG region. As a result, higher order modes see smaller modal reflectivities than the fundamental mode, i.e., experience much higher modal losses. The mode-discrimination mechanism of surface relief VCSELs is also based on spatially varying reflectivity. However, the magnitude of mode discrimination of HCG VCSELs is much stronger than that of surface relief VCSELs. In HCG VCSELs, the reflectivity difference between the center and edge is tens of percent, e.g., 20%-30% at least. However, in surface relief VCSELs, it is a few percent, e.g., 1%-3% at most. In Fig. 4 , the mode stability of an oxide gap VCSEL with a 5.1-m-wide HCG region is 236% while that of the state-of-the-art surface relief VCSEL design is 98% [2] .
For better relaxation of current crowding, the position of pand n-contact GaAs layers used in [6] is preferable. Whereas, for better heat dissipation through metal contacts, especially in the flip-chip bonding case, the contact position used in this report is advantageous. It is because the thermal conductivity of GaAs-AlGaAs DBR is considerably lower than its average bulk value [13] . The potential reliability problem due to the oxide gap layer being exposed to air needs to be tested and possibly can be avoided by sealing the oxide layer from the environment.
V. CONCLUSION
A new VCSEL structure based on a subwavelength grating mirror and a thin oxide gap has been investigated and shown to exhibit performance characteristics similar to that of air-gapbased structures suggested in the literature. The oxide-based structure allows much simpler fabrication and has a better mechanical stability. An optimized grating mirror structure allows realizing very strong single-mode properties.
